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Neuronal communication relies on the precise regulation of synaptic 
compartments, where protein activity, localization, and turnover are tightly 
controlled. Among the mechanisms ensuring this regulation, post-translational 
modifications (PTMs) play a central role. SUMOylation, the covalent attachment 
of Small Ubiquitin-like Modifier (SUMO) proteins to target substrates, has 
emerged as a dynamic key PTM in the nervous system, modulating synaptic 
structure and function. Target SUMOylation occurs through an enzymatic 
cascade and requires the presence of a consensus sequence. Reversible addition 
of SUMO monomers or chains may contribute to distinct functional outcomes 
changing the conformation of the protein thus favoring/inhibiting molecular 
interaction among proteins or stabilizing the protein inhibiting degradation 
or influencing subcellular localization. All these SUMO dependent effects are 
crucial in the regulation of the tiny and highly specialized synaptic compartments 
to achieve spatiotemporal control for proper neurotransmission and synaptic 
plasticity in response to environmental stimuli. Dysregulation of this system has 
been implicated in various neurological disorders, including Alzheimer’s disease, 
where imbalances in SUMO1 versus SUMO2/3 levels contribute to synaptic 
dysfunction. As such, comprehension of SUMO related mechanisms may give 
important insights into both physiological regulation of synapses and potential 
therapeutic approaches for neurodegenerative diseases. Thus, in this review we 
will first introduce the enzymatic cascade of SUMOylation and its impact on 
protein function, then we will focus on its role within the synaptic compartment. 
Finally, we will discuss the therapeutic potential of modulating SUMOylation in 
Alzheimer’s disease as example of neurodegenerative disorders.
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Introduction

The ability of neurons to transmit electrical impulse is based on their specialized 
structure that derives from a highly cellular polarization associated with the asymmetric 
distribution of proteins, RNA and organelles. Specifically, at the level of synapses, the 
functional units where an electrical signal is converted into biochemical changes, fine 
tuning of processes is achieved by multiple mechanisms based on proper temporal 
and spatial activation of the key players. Indeed, synapses are tiny but very complex
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compartments that modulate neurotransmission by altering their 
shape, size, and protein/RNA content. At the level of pre-synaptic 
zone, neurotransmitter release is based on the formation of different 
synaptic vesicle (SVs) pools grouped on the basis of their availability 
for exocytosis: (i) the readily releasable pool (RRP), comprising 
about 1% of SVs, which rapidly fuses with the plasma membrane 
in response to an action potential; (ii) a recycling pool, accounting 
for 10%–20% of SVs, which participates in neurotransmission 
during moderate physiological stimulation and replenishes the RRP; 
and (iii) a large reserve pool (RP), making up 80%–90% of SVs, 
thought to serve as a storage compartment located away from 
the active zone. The dynamic interchange among these different 
pools is orchestrated by synapsins, a family of phosphoproteins that 
regulate the tethering and release of SVs from the actin cytoskeleton 
(Longhena et al., 2021). On the postsynaptic zone, the clustering 
of receptors and channels is facilitated by post synaptic density 
proteins, including PSD95, along with several enzymes involved 
in actin polymerization. These elements contribute to changes 
in spine morphology and modulate the postsynaptic response 
to stimuli (Hlushchenko et al., 2016).

Despite the limited space within synaptic structures, their 
fine regulation is ensured by both local protein synthesis and 
axonal transport (anterograde and retrograde) of various synaptic 
precursors, since the primary biosynthetic machinery resides in 
the soma and dendritic compartments, often located far from 
the synapse (Rizalar et al., 2021). In addition to the modulation 
of the transport of proteins and RNA necessary for these zones, 
regulation is based on the control of protein activity, protein-
protein interaction and balance between protein stability and 
degradation, mainly achieved by post-translational modifications 
(PTMs). Among these, the Small ubiquitin-like modifier (SUMO) 
conjugation (SUMOylation) is emerging as dynamic PTM involved 
in the regulation of synaptic proteins thus contributing to the 
modulation of synapse structure and function as well as to synaptic 
transmission and plasticity. In this context, we will explore the 
physiological impact of SUMOylation and how its dysregulation 
plays a central role in Alzheimer’s disease, serving as a representative 
example of neurodegenerative disorders. 

SUMOylation enzymatic pathway

Proteins undergoing SUMOylation are modified by the 
covalent attachment of the SUMO peptides, which are small 
proteins ranging from 10 to 20 kDa. To date five paralogs 
have been identified: SUMO1, SUMO2, SUMO3, SUMO4, and 
SUMO5 with only SUMO1-3 being expressed in the brain. 
SUMO2 and 3 have 95% of homology and are often collectively 
referred to as SUMO2/3. In contrast, they share only about 45% 
homology with SUMO1, indicating functional divergence. While 
SUMO 4 and 5 are less characterized and their implication in 
pathophysiological processes is still under investigation, SUMO1-
3 are well-established as key regulators of neuronal function 
(Matsuzaki et al., 2015; Datwyler et al., 2011).

Indeed, regulation of SUMOylation balance (SUMO1 versus 
SUMO2/3) or levels (SUMOylation versus deSUMOylation) is a 
crucial determinant of neuronal development and differentiation 
(Pronot et al., 2021; Bernstock et al., 2019; Du et al., 2020) plasticity 

(Du et al., 2020) and synaptic transmission (Martin et al., 2007). 
This balance is maintained through the interplay between the 
SUMOylation cascade and the deSUMOylating enzymes, which 
include three main families of serine proteases (SENP, sentrin-
specific protease; deSUMOylating isopeptidase; USPL1, ubiquitin-
specific peptidase-like protein 1) that remove SUMO peptides from 
target proteins.

During the SUMOylation enzymatic cascade (Figure 1), SUMO 
proteins are covalently attached to the target substrates via a 
sequential reaction that involves: maturation of the SUMO protein 
that consists in the cleavage of the C-terminus, operated by SUMO-
specific proteases, that expose the Gly-Gly motif (SUMO-GG), 
necessary for SUMO ligation (Johnson et al., 1997); activation of the 
mature SUMO achieved through the binding of the SUMO-GG to 
the E1 enzyme (SAE1/SAE2) in an ATP-dependent manner; transfer 
of the activated complex to the active cysteine site of Ubc9 that 
facilitates SUMO attachment to the target with the assistance of the 
E3 ligase enzyme. While Ubc9 is the only E2 enzyme identified so 
far, a growing number of E3 ligases have been characterized. They 
can be grouped on the basis of structure and activity domains: 

1. The SP-RING domain family that comprises PIAS proteins 
(PIAS1-4) whose ligation activity is dependent on the presence 
of the E2 enzyme (Jackson, 2001); Beyond SUMOylation, 
PIAS proteins are also involved in other cellular processes 
such as transcriptional regulation, DNA repair, and nuclear-
cytoplasmic transport (Rytinki et al., 2009; Galanty et al., 2009; 
Sachdev et al., 2001; Kagey et al., 2003; Pichler et al., 2002).

2. The TRIM (Tripartite Motif) superfamily includes proteins 
characterized by the presence of a tripartite motif 
responsible for E3 ligase activity. These proteins also present 
additional domains such as B-box and coiled-coil domains 
important for self-aggregation and additional functions 
in immunity (Ozato et al., 2008).

3. The SIM-Containing SUMO E3 Ligases, lack both RING 
and TRIM motifs and mediate SUMOylation through a 
SUMO-interacting motif (SIM). SIM is a short sequence of 
hydrophobic residues flanked by serine or acidic residues 
typically located at either the N- or C-terminus. This 
motif allows non-covalent interactions between SUMOylated 
proteins and their binding partners. Nucleoporin RanBP2 
(Pichler et al., 2002), a component of the nuclear pore, and 
Pc2, a component of polycomb group (PcG), both belong to 
this category (Merrill et al., 2010; Reverter and Lima, 2005). 
Interestingly, within the nuclear pore complex, the nucleoporin 
153 has been reported to anchor the deSUMOylating enzymes 
SENP1 and 2 (Chow et al., 2012) thereby contributing 
to balance the RanBP2-dependent SUMOylation of nuclear 
transcription and epigenetic factors as well as proteins destined 
for export to the cytoplasm.

4. Non canonical E3 ligase activity has also been identified 
in several proteins that lack the RING or TRIM domains 
and do not possess a SIM module. In these cases, the 
specific region for SUMOylation activity has yet to be 
fully characterized. Among these proteins, the histone 
deacetylase 4 (HDAC4) and 7 (HDAC7) have been identified 
as SUMO E3 ligases. HDAC7 has been shown to promote 
the SUMOylation of Promyelocytic leukemia protein (PML) 
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FIGURE 1
Graphical representation of SUMOylation enzymatic cascade. SUMO, synthesized as precursor, is cleaved by SENPs to expose diglycine (GG) motif of 
SUMO at the C-terminus. Mature SUMO, bound to E1 activating enzymes, is then ready to be conjugated to the target by the sequential action of Ubc9 
and E3 ligase enzymes (examples are listed). SUMO attachment is reversible and is catalyzed by SENPs. Figure created with Biorender.

thereby facilitating the formation of PML nuclear bodies 
(Gao et al., 2008). HDAC4, on the other hand, has a broader 
range of identified SUMOylation targets. For instance, it 
inhibits NF-kb interacting with Ubc9 and by increasing the 
SUMOylation of the inhibitory subunit IkBa (Yang et al., 2020); 
suppresses androgen receptor by its SUMOylation (Yang et al., 
2011); stabilizes SIRT1 and delays senescence (Han et al., 
2016); inhibits MEF activation through SUMOylation 
(Zhao et al., 2005). More recently, HDAC4 has been identified 
as E3 ligase regulating SUMO2/3 levels in the synaptic 
compartment (Colussi et al., 2023).

Importantly, for both HDAC7 and HDAC4, the SUMO ligase 
activity is independent from their deacetylase activity, although 
the precise domains responsible for SUMOylation remain to
be defined. 

Pharmacological modulation of 
SUMOylation

Given the central role of SUMOylation in physiology and 
its deregulation in several neurodegenerative diseases, numerous 

inhibitors and activators have been developed with the aim of 
promoting neuroprotection. In pathological contexts, depending 
on the substrate and the type of SUMO added (SUMO1 versus 
SUMO2/3), SUMO conjugation can be either beneficial or 
detrimental. A wide range of small molecules with inhibitory 
activity against the E1 and E2 SUMOylation enzymes have been 
identified; however, no inhibitors targeting SUMO-E3 ligases have 
been discovered to date. The compounds identified include natural 
products, peptidomimetics, and synthetic derivatives obtained 
through virtual screening (for an extensive review see ref. (Brackett 
and Blagg, 2021).

For example, among the inhibitors of the E1 enzyme are both 
natural products (e.g., ginkgolic acid, anacardic acid, tannic acid) 
and synthetic compounds (e.g., phenyl urea, pyrazole urea, and 
thiazole urea) that block the formation of the E1–SUMO complex 
(Fukuda et al., 2009; Kumar et al., 2013). Other molecules, instead, 
induce conformational changes that prevent the binding of E1 with 
ATP and SUMO (Lv et al., 2018).

The second step of the SUMOylation cascade is carried out 
by Ubc9, the only known E2 enzyme. Natural inhibitors of this 
enzyme include spectomycin B1, chaetochromin A, and viomellein 
(Hirohama et al., 2013). The flavone 2-D08 also targets Ubc9 by 
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inhibiting the transfer of SUMO from Ubc9 to the substrate (Kim 
et al., 2013). Synthetic derivatives of the SUMO consensus region 
have also been used to develop peptides capable of competing with 
SUMO1 for Ubc9 binding.

So far, relatively few studies have focused on the development 
of SUMO activators compared to SUMO inhibitors. One of the first 
molecules identified as a SUMO activator is a negative regulator of 
miR-182 and miR-183, whose inhibition leads to a global increase 
in both SUMO1 and SUMO2/3 levels (Bernstock et al., 2016). This 
molecule also demonstrated neuroprotective effects in vitro.

N106 is another small molecule identified through screening, 
which selectively enhances SUMO1-ylation of the cardiac 
sarcoplasmic reticulum calcium ATPase (SERCA2a). Treatment 
with N106 was shown to restore cardiac function in a mouse model 
of heart failure (Kho et al., 2015). Notably, the authors did not 
observe a significant increase in overall SUMO1-ylation following 
N106 treatment, with only limited additional targets affected in 
cardiomyocytes. Nevertheless, since the mechanism of action of this 
molecule involves activation of the E1 enzyme, it is possible that 
other targets may be identified in different organs, such as the brain, 
which could be exploited to modulate neuronal function.

In a subsequent study, using a high-throughput homogeneous 
time-resolved fluorescence (HTRF) assay, several SUMO activators 
were identified, belonging to three chemical classes: quinolines, 
benzothiazoles, and aminothiazoles (Krajnak and Dahl, 2018). 
The degree of SUMO activation varied among these classes and 
their subtypes (43% for quinolines, 38% for benzothiazoles, and 
53% for aminothiazoles). Nevertheless, all optimized compounds 
within each category demonstrated in vitro neuroprotection against 
ER stress-induced cell death, suggesting potential therapeutic 
applications for neurodegenerative diseases. Another way to 
increase SUMOylation is by blocking SENPs, thereby preventing 
the removal of SUMO from proteins (Albrow et al., 2011; Wang 
et al., 2020). Recently, this class of small molecules has also 
demonstrated neuroprotective effects in brain ischemia, where drug-
induced increases in both SUMO1- and SUMO2/3-conjugated 
proteins improved recovery following stroke. Further studies will be 
necessary to evaluate the potential use of these compounds in the 
context of neurodegeneration as well (Yang et al., 2016).

Important steps toward the in vivo use of all these promising 
compounds, whether activators or inhibitors, include determining 
their bioavailability, tissue solubility, ability to cross the blood-
brain barrier, and, in some cases, identifying the specific SUMO 
enzyme (E1, E2, or E3) they target. Moreover, deregulation 
of the SUMO machinery in disease may result in either a 
global increase in SUMO1 or SUMO2/3 conjugation, or selective 
SUMOylation/deSUMOylation of specific targets. Therefore, it is 
crucial to assess how these small molecules affect both global 
and target-specific SUMOylation, as well as their potential off-
target effects. 

Effects of SUMOylation on protein function

Some proteins are modified exclusively by SUMO1 or SUMO2/3, 
while others can undergo both modifications via the same 
catalytic pathway. Typically, SUMO1 is added as single unit to 
the substrate (mono-SUMOylation), whereas SUMO2/3 units are 

attached as chains (poly-SUMOylation). However, in certain cases 
SUMO1 itself can be further be modified by the addition of 
SUMO2/3 chains (Vertegaal et al., 2006) (Figure 2A). Modification 
occurs preferentially at a consensus site defined as (Ψ-K-X-[(D/E] 
(Tatham et al., 2001), where the lysine to be SUMOylated (K) is 
preceded by a large hydrophobic residue Ψ, while X can be any 
residue followed by aspartate or glutamate (D/E) (Rodriguez et al., 
2001). Nevertheless, it has been observed that SUMOylation may 
occur in other non-canonical consensus (Hietakangas et al., 2006). 
Furthermore, PTMs in surrounding sequence or targeting the same 
lysine may enhance or compete with SUMOylation. For instance, 
acetylation and SUMOylation can be mutually exclusive when they 
target the same lysine, whereas phosphorylation of a nearby serine 
residue can enhance SUMOylation (Sapetschnig et al., 2002).

Addition of SUMO to the target protein changes its inter- and/or 
intramolecular interactions, often inducing conformational changes 
that may mask or expose nuclear localization/export (NLS/NES) 
sequences, or change affinity for specific transporters/adaptors 
thereby influencing transport between the nucleus and cytoplasm or 
direction through particular cellular compartments (e.g., dendritic 
spines). For example, SUMOylation of the serine/threonine 
kinase GSK3β, a key player in neuronal morphology, synapse 
formation and neuroinflammation, leads to its nuclear import 
(Eun Jeoung et al., 2008). Local translation at synapses depends on 
the availability of specific mRNAs that are packed and transported 
along the axons by the microtubule network. The RNA-binding 
protein La recognizes specific tagged-mRNA and transport them in 
anterograde or retrograde direction depending on its SUMOylation 
status (van Niekerk et al., 2007). SUMOylated La is dedicated to 
retrograde transport towards the nucleus, while deSUMOylated 
La allows anterograde transport by binding to kinesin. Changes 
in functional modulation (Figure 2B) are also common effects 
after SUMOylation. If SUMO modification of the protein/enzyme 
occurs close to the active site it may inhibit the activity by blocking 
substrate access or may enhance the activation by stabilizing 
a catalytically favorable conformation. For example, SUMO1 
conjugation at lysine 430 within the catalytic domain of protein 
phosphatase 5 (PP5), activated during stress-induced signaling, 
regulates its enzymatic activity and substrate release (Sager et al., 
2024). SUMOylation can also enhance or inhibit interactions with 
binding partners. SUMO-dependent modification of the interaction 
with cofactors or regulatory proteins, as well as prevention of other 
activatory/inhibitory PTMs (e.g., ubiquitination, phosphorylation) 
may likewise modify protein activity. Moreover, many proteins 
can bind SUMO non-covalently through SUMO-interacting 
motif (SIM), a sequence containing a hydrophobic core flanked 
by acidic or phosphorylatable serine residues. The SUMO/SIM 
interaction acts as a platform for other partners thus expanding 
the protein network fundamental for the assembly of large 
molecular transcriptional complexes involved in epigenetic 
regulation. HDAC4 dependent SUMO1-ylation of MeCP2, for 
example, activates the HDAC4/MeCP2 repressive complex during 
neuroinflammation (Li Puma et al., 2023), while SUMO-1 modified 
RAD51 promotes Sp1 transcriptional activity (Wu et al., 2025).

In general, SUMOylation increases protein stability 
by preventing ubiquitination at the same lysine residue, 
thereby protecting the protein from proteasomal degradation
(Wei et al., 2025).
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FIGURE 2
Effects of SUMOylation on protein function. (A) Example of mono- and poly-SUMOylation by SUMO1, SUMO2/3 or both on a substrate. (B) Substrate 
modification by SUMO may modify protein function in multiple ways: inducing changes in protein-protein interaction; inhibiting protein binding; 
determining conformational changes; affecting stability/degradation; favoring or inhibiting other PTMs; modulating protein localization; modifying 
self-aggregation capacity and formation of LLPS. Figure created with Biorender.

In other contexts, stress-driven SUMOylation, may dramatically 
alter protein solubility and promote self-aggregation, especially 
in proteins with intrinsically disordered domains, that are more 
prone to condensate and to be incorporated into stress granules, 
dynamic RNA-containing condensates (Verde et al., 2025). For 
example, preventing SUMO2/3-ylation of TDP43, a protein 
involved in amyotrophic lateral sclerosis and frontotemporal 
dementia, prevents its cytosolic aggregation and formation of 
stress granules. However, the formation of molecular condensate 
is not always deleterious. In fact, it can serve as a mechanism 
to compartmentalize groups of proteins or enzymatic pathways 
within small, membrane-less regions via liquid-liquid phase 
separation (LLPS) (Guzikowski and Kavalali, 2024), a process 
that may be particularly crucial at the level of the synaptic 
nanodomains.

Overall, these findings underscore the critical role of 
SUMOylation in a wide range of biological processes, including 
those essential for neuronal function. Dysregulation of 
SUMOylation may therefore contribute to the pathogenesis of 
various neurological disorders.

SUMOylation dependent regulation of 
synapse function

Functional aspects

SUMOylation is highly abundant in the nucleus and 
indeed many SUMO substrates, including transcription 
factors and co-regulators, were first identified in this 
compartment (Vertegaal, 2022).

Also, the SUMOylation machinery including E1-E3 enzymes 
and SENP proteases are present in the nucleus and are localized 
in the nuclear matrix where they play roles in processes such 
as chromosome segregation (Chen et al., 2024). Additionally, 
components of the SUMOylation system are associated with the 
nuclear pore complex (Chow et al., 2012; Ptak et al., 2025), where 
protein import and export are tightly coupled with SUMOylation, 
significantly influencing protein localization and function. For 
example, nuclear localization of the Downstream regulatory element 
antagonist modulator (DREAM), a multifunctional Ca2+-sensitive 
protein, occurs upon SUMO1-ylation and enables its repressive 
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activity on several targets including sodium/calcium exchanger 
isoform 3 (NCX3), brain-derived neurotrophic factor (BDNF), 
prodynorphin, and c-fos (Palczewska et al., 2011). Furthermore, 
SUMOylation of TDP-43, a nuclear RNA-binding protein that forms 
toxic aggregates in amyotrophic lateral sclerosis and frontotemporal 
dementia patients, promotes its nuclear export and aggregation in 
the cytoplasm within stress granules (Maraschi et al., 2021).

Although less abundant outside the nucleus, SUMOylation plays 
a key role in synaptic function and development. SUMOylation 
enzymes and SENPs have been shown to localize not only in the 
cytoplasm but also specifically at synapses. For example, SENP5 
immunoreactivity has been observed both in the postsynaptic 
spines and at the presynaptic zone (Akiyama et al., 2018), 
while by means of super-resolution microscopy the colocalization 
of SUMO1, SUMO2/3, and Ubc9 with pre- and post-synaptic 
markers was demonstrated (Colnaghi et al., 2019). The dynamic 
role of SUMOylation at synapse is also indicated by estrogen-
dependent redistribution of Ubc9 and its interaction with PSD95 
and synaptophysin in the Brain of APP/PS1 mice, a model of AD, 
and cortical neurons as revealed by immunofluorescence and co-
immunoprecipitation (Lai et al., 2017).

HDAC4, an enzyme with low deacetylase activity, has recently 
been described as a new E3 ligase enzyme that localizes at 
synapses. It modulates the enrichment of PSD95 at the post-
synaptic membrane by increasing its SUMO2/3ylation conjugation 
thus promoting synaptic transmission (Colussi et al., 2023). 
Moreover, activity-dependent Ubc9 localization to dendritic spines 
has been observed downstream metabotropic glutamate 5 receptors 
(mGlu5R) activation, process that leads to increased synaptic 
SUMOylation (Loriol et al., 2014).

In the same context, activity-induced Akt1 SUMO1-ylation 
has been reported as necessary for activation of the ERK1/2-
BDNF/Arc signalling cascade, which supports LTP and long-lasting 
excitatory synaptic responses (Meng et al., 2021). Spatiotemporal 
regulation of synapse SUMOylome is crucial not only during 
normal synaptic activity but also throughout development and 
synaptogenesis. Indeed, proteomic studies on the developing 
brain have shown that the SUMO2/3-ylome of the synaptic 
compartment is enriched in neurotransmitter receptors, adhesion 
molecules, scaffolding proteins, molecules involved in vesicular 
trafficking and cytoskeleton rearrangement, all necessary for 
synapse maturation (Pronot et al., 2021).

To date, numerous pre- and post-synaptic proteins, including 
ion channels, receptors and transducers have been identified as 
either SUMO substrate or SUMO-interacting protein widening the 
complexity of the SUMOylome network that regulates these highly 
specialized compartments.

On the presynaptic side, several proteins involved in the synaptic 
vesicle cycle are modulated by SUMOylation. Synapsin I, one of 
the main regulators of synaptic vesicle pool availability, is subject of 
SUMO1 modification that increases its binding to SVs and promotes 
their reclustering after stimulation thereby contributing to the 
maintenance of the reserve pool (Tang et al., 2015). Of note, synapsin 
I is also target of many kinases and can be phosphorylated at various 
sites, critical for its interaction with actin and SVs, or for their release 
in the fine-tuning of synapsin I function (Longhena et al., 2021).

Efficient and controlled exocytosis of SVs is also regulated 
by the SUMO1 conjugation of the Rab3-interacting molecule 1α 

(RIM1α). This modification promotes the clustering of CaV2.1 
calcium channels, so enhancing Ca2+ influx required for vesicle 
release (Girach et al., 2013). SV fusion with the plasma membrane 
is regulated by the interaction of SNARE proteins, located on 
both the SV and the presynaptic membrane at the active zone. 
SUMO1-ylation of Syntaxin1, a core component of the SNARE 
complex, increases its interaction with other SNARE proteins 
promotes endocytosis, suggesting an additional role for SUMO-
modified Syntaxin1 in regulating the rate of neurotransmitter vesicle 
recycling (Craig et al., 2015). However, SUMO1-ylation can also 
have detrimental effects on synaptic function. In a study using mice 
with a neuronal restricted SUMO1 expression, the authors found 
an altered basal synaptic transmission and impaired presynaptic 
function that were associated with increased SUMO1-ylation of 
synaptotagmin-1 (Matsuzaki et al., 2015). Although the precise 
role of SUMOylation on synaptotagmin-1 was not fully elucidated, 
these findings suggest that that elevated SUMO1-ylation may have 
a role in altered neuronal function and neurodegenerative disease 
mechanisms.

According to the most recent models of presynaptic 
compartmentalization, synaptic vesicles (SVs) and the proteins 
involved in the entire SV cycle, including exocytosis and 
endocytosis, are organized into distinct or overlapping membrane-
less assemblies based on liquid-liquid phase separation 
that is driven by the presence of disordered regions and 
SUMOylation (Zhang et al., 2024). This suggests that presynaptic 
protein SUMOylation may be essential for the formation of dynamic 
sub-synaptic protein clusters, enabling the fine-tuning of the SV 
cycle in response to neuronal activity and external stimuli.

The postsynaptic zone is another small yet highly specialized 
compartment, responsible for receiving neurotransmitter and 
converting the chemical signal into electrical one. The more 
specialized region is the post synaptic density (PSD), a protein-dense 
structure that gathers receptors, signaling molecules and scaffold 
proteins, many of which have been found to be SUMO2/3ylated 
by a proteomic approach in rat brains at the post-natal day 14 
(Pronot et al., 2021). For example, β-catenin, PSD95, SynGAP, 
SAPAP3, Homer1, CaMKII, Neuroligin and N-Cadherin have all 
been found to undergo SUMOylation, although the functional 
consequences of these modifications remain largely unexplored. 
More recently, in adult mice, SUMO2/3-ylation of PSD95, the 
core component of PSD, has been observed. This modification is 
regulated by a cytoplasmic pool of HDAC4, which acts as an E3 
ligase. SUMOylation of PSD95 was shown to promote its anchoring 
to the postsynaptic membrane, suggesting a role in stabilizing 
synaptic architecture (Colussi et al., 2023).

Membrane remodeling at the post synaptic density zone 
is fundamental to structural changes in dendritic spines and 
include receptor membrane trafficking, cytoskeletal rearrangement 
and activation of several signaling pathways that coordinate 
these processes (Hotulainen and Hoogenraad, 2010; Nishiyama 
and Yasuda, 2015; Spence and Soderling, 2015). Many of the 
proteins involved in actin remodeling and spine morphology 
regulation are modulated by SUMOylation. For example, CaMKII 
(calcium/calmodulin-dependent protein kinase II) activated by 
increased Ca2+ influx upon synaptic stimulation, phosphorylates 
several targets including the activity-regulated cytoskeleton-
associated protein (Arc) that plays a key role in driving actin 
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remodeling. Upon stimulation, Arc mRNA is rapidly translated 
locally at synapse and undergoes dynamic mono-SUMO1-ylation 
that is necessary for its interaction with the actin binding protein 
debrin (DaSilva et al., 2016; Lyford et al., 1995; Nair et al., 2017). 
Furthermore, Arc interacts with cofilin, one of the main proteins 
that regulates actin polymerization (Messaoudi et al., 2007). On the 
contrary, deSUMOylated Arc is associated with decreased F-actin 
stabilization and spine size (Newpher et al., 2018).

Kainate receptors (KARs) represent another example of 
SUMO-regulated receptors. KARs are glutamate receptors that, 
depending on the neuronal type, present a distribution at pre- 
and post-synaptic sites and in extrasynaptic regions. Their 
signalling may occur either as ionotropic channels or metabotropic 
receptors based on G protein-coupled signals. Due to this broad 
distribution and functional versatility, KAR are modulators of 
neuronal excitability and synaptic transmission. These receptors are 
composed of tetrameric assemblies of different subunits (GluK1-5), 
among which the Gluk2 subunit is regulated by multiple PTMs 
including SUMO1-ylation (Martin et al., 2007). Indeed, Gluk2 
SUMO1-ylation is necessary for receptor internalization upon 
agonist binding. Interestingly, interplay among SUMOylation, 
phosphorylation and palmitoylation coordinates KAR surface 
expression and activity-dependent endocytosis. Under basal 
(unstimulated) conditions, palmitoylation of GluK2 inhibits both 
phosphorylation and SUMOylation, thereby stabilizing the receptor 
at the plasma membrane. However, upon kainate stimulation, 
Gluk2 is depalmitoylated and undergoes phosphorylation and 
SUMOylation that in turn stimulates internalization (Yucel et al., 
2023; Chamberlain et al., 2012; Konopacki et al., 2011).

K2P family channels form K+ selective pores that regulate the 
background flux of potassium ions that are key determinants of 
the resting membrane potential. Two homomeric or heteromeric 
subunits (there are 145 genes so far identified) assembly to 
form the pore (Plant et al., 2012; Lopes et al., 2001). Although 
it has been object of debate, it has been demonstrated that 
a basal SUMO1-ylation of the K2P1 isoform maintains the 
channel in an inactive state (Rajan et al., 2005). Accordingly, 
a co-localization of K2P1, SAE1, and Ubc9 was observed at 
the plasma membrane, and conjugation of SUMO1 to the ε-
amino group of Lys274 was also confirmed by a proteomic 
approach (Plant et al., 2010). Furthermore, when SUMOylated-
K2P1 is associated with K2P3 or K2P9 subunits at the surface of 
cerebellar granule neurons their response to stimuli is suppressed 
indicating a more wide effect of SUMOylation on these channels
(Plant et al., 2012).

The regulatory role of SUMOylation on potassium channel 
was also demonstrated by means of SENP2-deficient mice that 
exhibit seizures and sudden death (Qi et al., 2014). In this model 
deficiency of SENP2 led to hyper-SUMOylation of Kv1.1 and 
Kv7.2/Kv7.3 channels. Changes in SUMO levels however affected 
only Kv7.2/Kv7.3 channels causing a reduction in depolarizing M-
current responsible for neuronal hyperexcitability.

Several sodium channel isoforms (NaV1.1, NaV1.2, and NaV1.6) 
are present in mature neurons with a specific spatiotemporal 
distribution that ensures proper onset and propagation of action 
potential (AP). In particular, NaV1.2 channels, located in the 
proximal part of the axon initial segment, where AP originates, 
is responsible for backpropagation of AP to the soma/dendrites 

important for synaptic strength and the coordination of 
synaptic inputs (Markram et al., 1997).

SUMO1-ylation of NaV1.2 has recently found as critical 
modification able to increase action potential backpropagation from 
the AIS providing a new layer of complexity in the modulation of 
synaptic integration and plasticity (Kotler et al., 2023). Additionally, 
SUMO1-ylation of NaV1.2 channels occurs in response to brain 
hypoxia and allows a neuroprotective response to this stress 
increasing sodium current (Plant et al., 2016).

Overall, these works outline the role of sodium channel 
SUMOylation as important means to modulate neuronal response 
to different stimuli. 

Structural aspects

The type and the magnitude of synaptic transmission rely 
on the signalling generated between the pre- and post-synaptic 
compartments which is strongly influenced by the shape, size, 
and organization of these specialized sites. For example, several 
structural proteins and their regulators contribute to the maturation, 
stabilization, or retraction of dendritic spines. These formations are 
enriched in actin filaments and microtubules which are continuously 
modulated in terms of polymerization, organization, stability, and 
turnover ensuring rapid response to stimuli. Activity-dependent 
changes in actin polymerization enable spines to change shape, 
enlarge or become stabilized thus supporting learning processes and 
memory storage (Kasai et al., 2003).

The calcium/calmodulin-dependent serine protein kinase 
(CASK) belongs to the family of the membrane-associated guanylate 
kinase (MAGUK) proteins. CASK has been identified as a key 
element inducing actin nucleation, assembly and spine formation 
through its interaction with the adhesion protein 4.1 (Biederer and 
Sudhof, 2001). However, it has been shown that SUMO1-ylation 
of CASK at lys 679, alters the binding site for protein 4.1 reducing 
the formation of the complex actin/protein4.1/CASK that leads to a 
decrease in the number and size of spines (Chao et al., 2008).

Other studies indicate that the control of actin at the level of 
spines may be obtained by regulating its transcription. Indeed, local 
translation within these small compartments is fundamental for 
achieving precise spatial and temporal regulation of structural and 
signaling proteins. Specifically, actin interacts in neurons with the 
prion-like cytoplasmic polyadenylation element-binding protein 3 
(CPEB3) (Stephan et al., 2015), that is an RNA binding protein 
identified as an important modulator of long-term synaptic plasticity 
in the hippocampus (Fioriti et al., 2015).

Under basal conditions CPEB3 is SUMO2/3-ylated, remains 
soluble and acts as repressor of mRNA translation (Drisaldi et al., 
2015). Upon neuronal stimulation, CPEB3 is deSUMOylated and 
undergoes aggregation which promotes the translation of its target 
mRNAs, including actin, ultimately influencing spine structure and 
synaptic plasticity (Gu et al., 2020).

Dynamic interaction of actin with the microtubule cytoskeleton 
is another key element in maintaining spine morphology and 
maturation of synapses (Dent and Gertler, 2003). In this context, 
Spastin is a protease that fragments microtubules in an ATP 
dependent manner when SUMO1-ylated at K427. Conversely, 
its deSUMOylation leads to microtubule stability (Ji et al., 

Frontiers in Physiology 07 frontiersin.org

https://doi.org/10.3389/fphys.2025.1675598
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Bertozzi et al. 10.3389/fphys.2025.1675598

2020). Since only dynamic microtubules can enter the dendritic 
spines and regulate F-actin levels it is evident that SUMOylation 
balance of Spastin is crucial for maintaining microtubule 
polymerization dynamics.

Altogether, the coordinated regulation of both structural 
and functional elements is fundamental for the remodeling and 
maturation of dendritic spines, processes that are essential for 
synaptic plasticity and, ultimately, cognitive function. 

Deregulation of SUMOylation in 
Alzheimer’s disease

Thanks to its dynamic nature, SUMOylation enables the rapid 
and reversible modification of protein function in response to 
signals occurring well before changes in gene expression. This 
mechanism underlies several neuronal processes including the 
regulation of synaptic transmission and plasticity (Loriol et al., 2012; 
Watanabe et al., 2008). Indeed, increase in SUMO1 conjugation 
and in Ubc9 levels characterize the early developing brain while 
activity-dependent higher SUMOylation and redistribution of the 
SUMO machinery occur both at the level of pre- and post-
synaptic compartments facilitating neuronal signal transmission 
(Loriol et al., 2013). In addition, SUMOylation-dependent changes 
are necessary for long-term synaptic plasticity (LTP). Indeed, 
following stimulation, SUMO2/3 levels transiently peak, but acute 
inhibition of SUMOylation impairs both LTP and hippocampal-
dependent learning (Lee et al., 2014).

Because of its key role in modulating protein function 
and neuronal signaling, disruption of SUMOylation 
homeostasis, whether through excessive conjugation or impaired 
deSUMOylation, is linked to several neurological disorders 
including Alzheimer’s disease (AD). AD is the most common 
neurodegenerative disorder in the elderly characterized by increased 
deposition of amyloid beta (Aβ), which accumulates in plaques, and 
by increased levels of phosphorylated tau leading to the formation 
of neurofibrillary tangles. Synaptic failure is an early event in the 
pathogenesis of the disease that represents the best correlate of 
disease progression and is considered a key determinant of its 
severity (Selkoe, 2002; Reddy et al., 2005).

Dysregulation of SUMOylation has been observed in 
Alzheimer’s disease (AD) patients and demonstrated across multiple 
animal models of pathology. Both human subjects and AD models 
show an altered global SUMOylation profile, with generally elevated 
levels of SUMO1 and reduced levels of SUMO2/3 (Li et al., 2003; 
Lee et al., 2014). Elevated SUMO1 levels have also been detected 
in plasma samples from AD patients, suggesting a potential role 
as a biomarker (Cho et al., 2015). Importantly, deregulation of 
SUMO balance was linked to impaired LTP and hippocampal-
dependent learning and memory (Lee et al., 2014). Accordingly, 
transgenic mice with SUMO1 restricted overexpression in the 
brain exhibited altered basal synaptic transmission and impaired 
presynaptic function (Matsuzaki et al., 2015). Of note, altered 
SUMOylation has been observed both in post-mortem AD brain 
and in presymptomatic patients (Mandel and Agarwal, 2022) thus 
suggesting that changes in SUMOylation is more a chronic status 
rather than an acute episode.

Focusing on the SUMOylation of specific targets, several reports 
have shown its impact on the two pathological AD hallmarks, Aβ 
and tau. Amyloid beta is generated through the amyloidogenic 
processing pathway that involves that sequential cleavage of the 
amyloid precursor protein (APP) by β-site APP cleaving enzyme 
(BACE), followed by γ-secretase (Wolfe and Haass, 2001). Different 
effects on Aβ deposition and aggregation have been reported 
depending on the type of SUMO modification and protein targets 
involved. Increasing the SUMO3 expression in an in vitro system, 
for example, induced a reduction of Aβ production (Li et al., 
2003) and APP SUMO1 conjugation at lysines 587 and 595, 
close to the site of BACE cleavage, reduced Aβ aggregation 
(Zhang and Sarge, 2008). Conversely, SUMO1-ylation of BACE1 
at lysine 501 enhanced the enzyme’s protease activity and stability, 
resulting in elevated Aβ production (Bao et al., 2018). Tau is 
a microtubule associated protein that undergoes aggregation in 
several neurodegenerative disorders including AD. This protein 
is target of many PTMs, in particular phosphorylations, that 
change its solubility and promote aggregation. Recent advances 
led to the discovery that interplay among different PTMs can 
either exacerbate or mitigate tau aggregation and its associated 
pathology. Specifically, SUMO1-ylation of tau increased the level of 
its phosphorylation while reducing its solubility (Wada et al., 2024). 
Conversely, SUMO2 modification of tau enhances its solubility and 
reduces tau-dependent pathological effects (Zhang et al., 2023).

Additional evidence of the contrasting effects resulting from 
the imbalance of SUMO1- and SUMO2/3-conjugated proteins is 
provided from the altered localization and function of the E3 
ligase enzyme HDAC4. In AD, where HDAC4 is mislocalized from 
synapses and accumulates in the nucleus, there is a reduction 
in the SUMO2/3-ylation of PSD95, one of its targets, that is 
associated with the loss of membrane localization of several proteins 
important for synaptic transmission such as CaMKII, GluA1, N-
cadherin (Colussi et al., 2023). HDAC4 nuclear accumulation also 
characterizes an AD-like model induced by neuroinflammation. 
In this model, HDAC4 mediates the SUMO1 conjugation of the 
transcriptional repressor MeCP2, resulting in the formation of a 
multimeric complex containing HDAC4 and MeCP2 that suppresses 
the expression of synaptic genes (Li Puma et al., 2023).

Based on these data several research groups developed 
strategies to modulate SUMOylation as a means of restoring 
synaptic function. Downregulation of SUMO1-ylation in the 
synaptosomal compartment successfully normalized impaired 
glutamate release further highlighting the detrimental effects 
of elevated SUMO1 levels (Marcelli et al., 2017). Conversely, 
AD mice (APP) either overexpressing SUMO2 or treated with 
a brain-penetrant recombinant SUMO2 showed a recovery in 
cognitive and synaptic impairment along with reduced amyloid 
pathology suggesting that a pharmacological approach may be a 
promising therapeutic tool (Fioriti et al., 2025). Similarly, viral 
induced expression of SUMO2 rescued neuronal toxicity in mice 
overexpressing the mutant form of tau (Orsini et al., 2024).

Conclusion

Protein modification through SUMOylation plays a crucial role 
in regulating their function inducing conformational changes or

Frontiers in Physiology 08 frontiersin.org

https://doi.org/10.3389/fphys.2025.1675598
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Bertozzi et al. 10.3389/fphys.2025.1675598

masking/exposing sites critical for protein-protein interaction or 
influencing other post-translational modifications (PTMs). These 
actions collectively affect protein stability, degradation, solubility, 
and activity. Synaptic function is regulated by SUMOylation 
both at the nuclear level and directly at synapses, where an 
increasing number of proteins have been identified as SUMO targets. 
Consequently, alteration in SUMO machinery, frequently observed 
in many neurodegenerative diseases, may have a central role in 
disease pathogenesis. Specifically in AD, reducing SUMO1-ylation 
or increasing SUMO2-ylation demonstrated a beneficial effect on 
synaptic function suggesting that targeting SUMOylation could 
represent a promising therapeutic approach for restoring synaptic 
health in AD.

Author contributions

AB: Writing – original draft. WT: Writing – original draft. 
GC: Writing – original draft. CG: Conceptualization, Writing – 
review and editing. CC: Conceptualization, Writing – original draft, 
Writing – review and editing. 

Funding

The author(s) declare that financial support was received for 
the research and/or publication of this article. We acknowledge 
the financial support of “Ricerca Corrente 2025” from Fondazione 
Policlinico Universitario “A. Gemelli” IRCCS to CG. This 

work was partially supported by the Grant PRIN PNRR 2022 
P20222WFZ3 to CC.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
represent a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References

Akiyama, H., Nakadate, K., and Sakakibara, S. I. (2018). Synaptic localization of the 
SUMOylation-regulating protease SENP5 in the adult mouse brain. J. Comp. Neurol.
526, 990–1005. doi:10.1002/cne.24384

Albrow, V. E., Ponder, E. L., Fasci, D., Bekes, M., Deu, E., Salvesen, G. S., et al. (2011). 
Development of small molecule inhibitors and probes of human SUMO deconjugating 
proteases.

Bao, J., Qin, M., Mahaman, Y. A. R., Zhang, B., Huang, F., Zeng, K., et al. 
(2018). BACE1 SUMOylation increases its stability and escalates the protease 
activity in Alzheimer’s disease. Proc. Natl. Acad. Sci. U. S. A. 115, 3954–3959. 
doi:10.1073/pnas.1800498115

Bernstock, J. D., Lee, Y. J., Peruzzotti-Jametti, L., Southall, N., Johnson, K. R, Maric, 
D., et al. (2016). A novel quantitative high-throughput screen identifies drugs that both 
activate SUMO conjugation via the inhibition of microRNAs 182 and 183 and facilitate 
neuroprotection in a model of oxygen and glucose deprivation. J. Cereb. Blood. Flow. 
Metab. 36, 426–41.

Bernstock, J. D., Peruzzotti-Jametti, L., Leonardi, T., Vicario, N., Ye, D., Lee, Y. J., 
et al. (2019). SUMOylation promotes survival and integration of neural stem cell grafts 
in ischemic stroke. EBioMedicine 42, 214–224. doi:10.1016/j.ebiom.2019.03.035

Biederer, T., and Sudhof, T. C. (2001). CASK and protein 4.1 support F-actin 
nucleation on neurexins. J. Biol. Chem. 276, 47869–47876. doi:10.1074/jbc.M105287200

Brackett, C. M., and Blagg, B. S. J. (2021). Current status of SUMOylation inhibitors. 
Curr. Med. Chem. 28, 3892–3912. doi:10.2174/0929867327666200810135039

Chamberlain, S. E., Gonzalez-Gonzalez, I. M., Wilkinson, K. A., Konopacki, F. A., 
Kantamneni, S., Henley, J. M., et al. (2012). SUMOylation and phosphorylation of 
GluK2 regulate kainate receptor trafficking and synaptic plasticity. Nat. Neurosci. 15, 
845–852. doi:10.1038/nn.3089

Chao, H. W., Hong, C. J., Huang, T. N., Lin, Y. L., and Hsueh, Y. P. (2008). 
SUMOylation of the MAGUK protein CASK regulates dendritic spinogenesis. J. Cell 
Biol. 182, 141–155. doi:10.1083/jcb.200712094

Chen, Z., Luo, J., Zhang, Y., Zheng, S., Zhang, H., Huang, Y., et al. (2024). 
SUMOylation is enriched in the nuclear matrix and required for chromosome 
segregation. J. Biol. Chem. 300, 105547. doi:10.1016/j.jbc.2023.105547

Cho, S. J., Yun, S. M., Lee, D. H., Jo, C., Ho Park, M., Han, C., et al. (2015). Plasma 
SUMO1 protein is elevated in Alzheimer’s disease. J. Alzheimers Dis. 47, 639–643. 
doi:10.3233/JAD-150103

Chow, K. H., Elgort, S., Dasso, M., and Ullman, K. S. (2012). Two distinct sites in 
Nup153 mediate interaction with the SUMO proteases SENP1 and SENP2. Nucleus 3, 
349–358. doi:10.4161/nucl.20822

Colnaghi, L., Russo, L., Natale, C., Restelli, E., Cagnotto, A., Salmona, M., et al. (2019). 
Super resolution microscopy of SUMO proteins in neurons. Front. Cell Neurosci. 13, 486. 
doi:10.3389/fncel.2019.00486

Colussi, C., Aceto, G., Ripoli, C., Bertozzi, A., Li Puma, D. D., Paccosi, E., et al. 
(2023). Cytoplasmic HDAC4 recovers synaptic function in the 3×Tg mouse model of 
Alzheimer’s disease. Neuropathol. Appl. Neurobiol. 49, e12861. doi:10.1111/nan.12861

Craig, T. J., Anderson, D., Evans, A. J., Girach, F., and Henley, J. M. (2015). 
SUMOylation of Syntaxin1A regulates presynaptic endocytosis. Sci. Rep. 5, 17669. 
doi:10.1038/srep17669

Dasilva, L. L., Wall, M. J., Almeida, L. P. D., Wauters, S. C., Januario, Y. C., Muller, 
J., et al. (2016). Activity-regulated cytoskeleton-associated protein controls AMPAR 
endocytosis through a direct interaction with clathrin-adaptor protein 2. eNeuro 3, 
ENEURO.0144–15.2016. doi:10.1523/ENEURO.0144-15.2016

Datwyler, A. L., Lattig-Tunnemann, G., Yang, W., Paschen, W., Lee, S. L., 
Dirnagl, U., et al. (2011). SUMO2/3 conjugation is an endogenous neuroprotective 
mechanism. J. Cereb. Blood Flow. Metab. 31, 2152–2159. doi:10.1038/jcbfm.
2011.112

Dent, E. W., and Gertler, F. B. (2003). Cytoskeletal dynamics and transport in 
growth cone motility and axon guidance. Neuron 40, 209–227. doi:10.1016/s0896-
6273(03)00633-0

Frontiers in Physiology 09 frontiersin.org

https://doi.org/10.3389/fphys.2025.1675598
https://doi.org/10.1002/cne.24384
https://doi.org/10.1073/pnas.1800498115
https://doi.org/10.1016/j.ebiom.2019.03.035
https://doi.org/10.1074/jbc.M105287200
https://doi.org/10.2174/0929867327666200810135039
https://doi.org/10.1038/nn.3089
https://doi.org/10.1083/jcb.200712094
https://doi.org/10.1016/j.jbc.2023.105547
https://doi.org/10.3233/JAD-150103
https://doi.org/10.4161/nucl.20822
https://doi.org/10.3389/fncel.2019.00486
https://doi.org/10.1111/nan.12861
https://doi.org/10.1038/srep17669
https://doi.org/10.1523/ENEURO.0144-15.2016
https://doi.org/10.1038/jcbfm.2011.112
https://doi.org/10.1038/jcbfm.2011.112
https://doi.org/10.1016/s0896-6273(03)00633-0
https://doi.org/10.1016/s0896-6273(03)00633-0
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Bertozzi et al. 10.3389/fphys.2025.1675598

Drisaldi, B., Colnaghi, L., Fioriti, L., Rao, N., Myers, C., Snyder, A. M., et al. (2015). 
SUMOylation is an inhibitory constraint that regulates the prion-like aggregation and 
activity of CPEB3. Cell Rep. 11, 1694–1702. doi:10.1016/j.celrep.2015.04.061

DU, C. P., Wang, M., Geng, C., Hu, B., Meng, L., Xu, Y., et al. (2020). Activity-induced 
SUMOylation of neuronal nitric oxide synthase is associated with plasticity of synaptic 
transmission and extracellular signal-regulated kinase 1/2 signaling. Antioxid. Redox 
Signal 32, 18–34. doi:10.1089/ars.2018.7669

Eun Jeoung, L., Sung Hee, H., Jaesun, C., Sung Hwa, S., Kwang Hum, Y., Min 
Kyoung, K., et al. (2008). Regulation of glycogen synthase kinase 3beta functions 
by modification of the small ubiquitin-like modifier. Open Biochem. J. 2, 67–76. 
doi:10.2174/1874091X00802010067

Fioriti, L., Myers, C., Huang, Y. Y., Li, X., Stephan, J. S., Trifilieff, P., et al. (2015). The 
persistence of hippocampal-based memory requires protein synthesis mediated by the 
prion-like protein CPEB3. Neuron 86, 1433–1448. doi:10.1016/j.neuron.2015.05.021

Fioriti, L., Wijesekara, N., Argyrousi, E. K., Matsuzaki, S., Takamura, H., Satoh, 
K., et al. (2025). Genetic and pharmacologic enhancement of SUMO2 conjugation 
prevents and reverses cognitive impairment and synaptotoxicity in a preclinical model 
of Alzheimer’s disease. Alzheimers Dement. 21, e70030. doi:10.1002/alz.70030

Fukuda, I., Ito, A., Hirai, G., Nishimura, S., Kawasaki, H., Saitoh, H., et al. (2009). 
Ginkgolic acid inhibits protein SUMOylation by blocking formation of the E1-SUMO 
intermediate. Chem Biol. 16, 133–40.

Galanty, Y., Belotserkovskaya, R., Coates, J., Polo, S., Miller, K. M., and Jackson, S. 
P. (2009). Mammalian SUMO E3-ligases PIAS1 and PIAS4 promote responses to DNA 
double-strand breaks. Nature 462, 935–939. doi:10.1038/nature08657

Gao, C., Ho, C. C., Reineke, E., Lam, M., Cheng, X., Stanya, K. J., et al. (2008). 
Histone deacetylase 7 promotes PML sumoylation and is essential for PML nuclear body 
formation. Mol. Cell Biol. 28, 5658–5667. doi:10.1128/MCB.00874-08

Girach, F., Craig, T. J., Rocca, D. L., and Henley, J. M. (2013). RIM1α 
SUMOylation is required for fast synaptic vesicle exocytosis. Cell Rep. 5, 1294–1301. 
doi:10.1016/j.celrep.2013.10.039

Gu, X., Schafer, N. P., Wang, Q., Song, S. S., Chen, M., Waxham, M. N., et al. 
(2020). Exploring the F-actin/CPEB3 interaction and its possible role in the molecular 
mechanism of long-term memory. Proc. Natl. Acad. Sci. U. S. A. 117, 22128–22134. 
doi:10.1073/pnas.2012964117

Guzikowski, N. J., and Kavalali, E. T. (2024). Functional specificity of liquid-liquid 
phase separation at the synapse. Nat. Commun. 15, 10103. doi:10.1038/s41467-024-
54423-7

Han, X., Niu, J., Zhao, Y., Kong, Q., Tong, T., and Han, L. (2016). HDAC4 stabilizes 
SIRT1 via sumoylation SIRT1 to delay cellular senescence. Clin. Exp. Pharmacol. Physiol.
43, 41–46. doi:10.1111/1440-1681.12496

Hietakangas, V., Anckar, J., Blomster, H. A., Fujimoto, M., Palvimo, J. J., Nakai, A., 
et al. (2006). PDSM, a motif for phosphorylation-dependent SUMO modification. Proc. 
Natl. Acad. Sci. U. S. A. 103, 45–50. doi:10.1073/pnas.0503698102

Hirohama, M., Kumar, A., Fukuda, I., Matsuoka, S., Igarashi, Y., Saitoh, H., et al. 
(2013). Spectomycin B1 as a novel SUMOylation inhibitor that directly binds to SUMO 
E2. ACS. Chem. Biol. 8, 2635–2642.

Hlushchenko, I., Koskinen, M., and Hotulainen, P. (2016). Dendritic spine actin 
dynamics in neuronal maturation and synaptic plasticity. Cytoskelet. Hob. 73, 435–441. 
doi:10.1002/cm.21280

Hotulainen, P., and Hoogenraad, C. C. (2010). Actin in dendritic spines: connecting 
dynamics to function. J. Cell Biol. 189, 619–629. doi:10.1083/jcb.201003008

Jackson, P. K. (2001). A new RING for SUMO: wrestling transcriptional responses 
into nuclear bodies with PIAS family E3 SUMO ligases. Genes Dev. 15, 3053–3058. 
doi:10.1101/gad.955501

Ji, Z. S., Liu, Q. L., Zhang, J. F., Yang, Y. H., Li, J., Zhang, G. W., et al. (2020). 
SUMOylation of spastin promotes the internalization of GluA1 and regulates dendritic 
spine morphology by targeting microtubule dynamics. Neurobiol. Dis. 146, 105133. 
doi:10.1016/j.nbd.2020.105133

Johnson, E. S., Schwienhorst, I., Dohmen, R. J., and Blobel, G. (1997). The ubiquitin-
like protein Smt3p is activated for conjugation to other proteins by an Aos1p/Uba2p 
heterodimer. EMBO J. 16, 5509–5519. doi:10.1093/emboj/16.18.5509

Kagey, M. H., Melhuish, T. A., and Wotton, D. (2003). The polycomb protein Pc2 is a 
SUMO E3. Cell 113, 127–137. doi:10.1016/s0092-8674(03)00159-4

Kasai, H., Matsuzaki, M., Noguchi, J., Yasumatsu, N., and Nakahara, H. (2003). 
Structure-stability-function relationships of dendritic spines. Trends Neurosci. 26, 
360–368. doi:10.1016/S0166-2236(03)00162-0

Kim, Y. S., Nagy, K., Keyser, S., and Schneekloth, J. S. (2013). An electrophoretic 
mobility shift assay identifies a mechanistically unique inhibitor of protein sumoylation. 
Chem. Biol. 20, 604–613.

Kho, C., Lee, A., Jeong, D., Oh, J. G., Gorski, P. A., Fish, K., et al. (2015). Small-
molecule activation of SERCA2a SUMOylation for the treatment of heart failure. Nat. 
Commun. 6, 7229.

Konopacki, F. A., Jaafari, N., Rocca, D. L., Wilkinson, K. A., Chamberlain, S., Rubin, 
P., et al. (2011). Agonist-induced PKC phosphorylation regulates GluK2 SUMOylation 

and kainate receptor endocytosis. Proc. Natl. Acad. Sci. U. S. A. 108, 19772–19777. 
doi:10.1073/pnas.1111575108

Kotler, O., Khrapunsky, Y., Shvartsman, A., Dai, H., Plant, L. D., Goldstein, S. 
A. N., et al. (2023). SUMOylation of Na(V)1.2 channels regulates the velocity of 
backpropagating action potentials in cortical pyramidal neurons. Elife 12, e81463. 
doi:10.7554/eLife.81463

Krajnak, K., and Dahl, R. (2018). Small molecule SUMOylation activators are novel 
neuroprotective agents. Bioorg. Med. Chem. Lett. 28, 405–409.

Kumar, A., Ito, A., Hirohama, M., Yoshida, M., and Zhang, K. Y. (2013). Identification 
of sumoylation activating enzyme 1 inhibitors by structure-based virtual screening. J. 
Chem. Inf. Model. 53, 809–2.

Lai, Y. J., Liu, L., Hu, X. T., He, L., and Chen, G. J. (2017). Estrogen modulates 
ubc9 expression and synaptic redistribution in the brain of APP/PS1 mice and cortical 
neurons. J. Mol. Neurosci. 61, 436–448. doi:10.1007/s12031-017-0884-2

Lee, L., Dale, E., Staniszewski, A., Zhang, H., Saeed, F., Sakurai, M., et al. (2014). 
Regulation of synaptic plasticity and cognition by SUMO in normal physiology and 
Alzheimer’s disease. Sci. Rep. 4, 7190. doi:10.1038/srep07190

Li, Y., Wang, H., Wang, S., Quon, D., Liu, Y. W., and Cordell, B. (2003). Positive and 
negative regulation of APP amyloidogenesis by sumoylation. Proc. Natl. Acad. Sci. U. S. 
A. 100, 259–264. doi:10.1073/pnas.0235361100

Li Puma, D. D., Colussi, C., Bandiera, B., Puliatti, G., Rinaudo, M., Cocco, S., 
et al. (2023). Interleukin 1β triggers synaptic and memory deficits in Herpes simplex 
virus type-1-infected mice by downregulating the expression of synaptic plasticity-
related genes via the epigenetic MeCP2/HDAC4 complex. Cell Mol. Life Sci. 80, 172. 
doi:10.1007/s00018-023-04817-5

Longhena, F., Faustini, G., Brembati, V., Pizzi, M., Benfenati, F., and Bellucci, 
A. (2021). An updated reappraisal of synapsins: structure, function and role 
in neurological and psychiatric disorders. Neurosci. Biobehav Rev. 130, 33–60. 
doi:10.1016/j.neubiorev.2021.08.011

Lopes, C. M., Zilberberg, N., and Goldstein, S. A. (2001). Block of Kcnk3 by protons. 
Evidence that 2-P-domain potassium channel subunits function as homodimers. J. Biol. 
Chem. 276, 24449–24452. doi:10.1074/jbc.C100184200

Loriol, C., Parisot, J., Poupon, G., Gwizdek, C., and Martin, S. (2012). Developmental 
regulation and spatiotemporal redistribution of the sumoylation machinery in the rat 
central nervous system. PLoS One 7, e33757. doi:10.1371/journal.pone.0033757

Loriol, C., Khayachi, A., Poupon, G., Gwizdek, C., and Martin, S. (2013). Activity-
dependent regulation of the sumoylation machinery in rat hippocampal neurons. Biol. 
Cell 105, 30–45. doi:10.1111/boc.201200016

Loriol, C., Casse, F., Khayachi, A., Poupon, G., Chafai, M., Deval, E., et al. 
(2014). mGlu5 receptors regulate synaptic sumoylation via a transient PKC-
dependent diffusional trapping of Ubc9 into spines. Nat. Commun. 5, 5113. 
doi:10.1038/ncomms6113

Lv, Z., Yuan, L., Atkison, J. H., Williams, K. M., Vega, R., Sessions, E. H., et al. (2018). 
Molecular mechanism of a covalent allosteric inhibitor of SUMO E1 activating enzyme. 
Nat. Commun. 9, 5145.

Lyford, G. L., Yamagata, K., Kaufmann, W. E., Barnes, C. A., Sanders, L. K., Copeland, 
N. G., et al. (1995). Arc, a growth factor and activity-regulated gene, encodes a novel 
cytoskeleton-associated protein that is enriched in neuronal dendrites. Neuron 14, 
433–445. doi:10.1016/0896-6273(95)90299-6

Mandel, N., and Agarwal, N. (2022). Role of SUMOylation in neurodegenerative 
diseases. Cells 11, 3395. doi:10.3390/cells11213395

Maraschi, A., Gumina, V., Dragotto, J., Colombrita, C., Mompean, M., Buratti, E., 
et al. (2021). SUMOylation regulates TDP-43 splicing activity and nucleocytoplasmic 
distribution. Mol. Neurobiol. 58, 5682–5702. doi:10.1007/s12035-021-02505-8

Marcelli, S., Ficulle, E., Iannuzzi, F., Kovari, E., Nistico, R., and Feligioni, M. 
(2017). Targeting SUMO-1ylation contrasts synaptic dysfunction in a mouse model of 
Alzheimer’s disease. Mol. Neurobiol. 54, 6609–6623. doi:10.1007/s12035-016-0176-9

Markram, H., Lubke, J., Frotscher, M., and Sakmann, B. (1997). Regulation of 
synaptic efficacy by coincidence of postsynaptic APs and EPSPs. Science 275, 213–215. 
doi:10.1126/science.275.5297.213

Martin, S., Nishimune, A., Mellor, J. R., and Henley, J. M. (2007). SUMOylation 
regulates kainate-receptor-mediated synaptic transmission. Nature 447, 321–325. 
doi:10.1038/nature05736

Matsuzaki, S., Lee, L., Knock, E., Srikumar, T., Sakurai, M., Hazrati, L. N., et al. 
(2015). SUMO1 affects synaptic function, spine density and memory. Sci. Rep. 5, 10730. 
doi:10.1038/srep10730

Meng, L., DU, C. P., Lu, C. Y., Zhang, K., Li, L., Yan, J. Z., et al. (2021). Neuronal 
activity-induced SUMOylation of Akt1 by PIAS3 is required for long-term potentiation 
of synaptic transmission. FASEB J. 35, e21769. doi:10.1096/fj.202002728R

Merrill, J. C., Melhuish, T. A., Kagey, M. H., Yang, S. H., Sharrocks, A. D., and Wotton, 
D. (2010). A role for non-covalent SUMO interaction motifs in Pc2/CBX4 E3 activity. 
PLoS One 5, e8794. doi:10.1371/journal.pone.0008794

Messaoudi, E., Kanhema, T., Soule, J., Tiron, A., Dagyte, G., Da Silva, B., et al. (2007). 
Sustained Arc/Arg3.1 synthesis controls long-term potentiation consolidation through 

Frontiers in Physiology 10 frontiersin.org

https://doi.org/10.3389/fphys.2025.1675598
https://doi.org/10.1016/j.celrep.2015.04.061
https://doi.org/10.1089/ars.2018.7669
https://doi.org/10.2174/1874091X00802010067
https://doi.org/10.1016/j.neuron.2015.05.021
https://doi.org/10.1002/alz.70030
https://doi.org/10.1038/nature08657
https://doi.org/10.1128/MCB.00874-08
https://doi.org/10.1016/j.celrep.2013.10.039
https://doi.org/10.1073/pnas.2012964117
https://doi.org/10.1038/s41467-024-54423-7
https://doi.org/10.1038/s41467-024-54423-7
https://doi.org/10.1111/1440-1681.12496
https://doi.org/10.1073/pnas.0503698102
https://doi.org/10.1002/cm.21280
https://doi.org/10.1083/jcb.201003008
https://doi.org/10.1101/gad.955501
https://doi.org/10.1016/j.nbd.2020.105133
https://doi.org/10.1093/emboj/16.18.5509
https://doi.org/10.1016/s0092-8674(03)00159-4
https://doi.org/10.1016/S0166-2236(03)00162-0
https://doi.org/10.1073/pnas.1111575108
https://doi.org/10.7554/eLife.81463
https://doi.org/10.1007/s12031-017-0884-2
https://doi.org/10.1038/srep07190
https://doi.org/10.1073/pnas.0235361100
https://doi.org/10.1007/s00018-023-04817-5
https://doi.org/10.1016/j.neubiorev.2021.08.011
https://doi.org/10.1074/jbc.C100184200
https://doi.org/10.1371/journal.pone.0033757
https://doi.org/10.1111/boc.201200016
https://doi.org/10.1038/ncomms6113
https://doi.org/10.1016/0896-6273(95)90299-6
https://doi.org/10.3390/cells11213395
https://doi.org/10.1007/s12035-021-02505-8
https://doi.org/10.1007/s12035-016-0176-9
https://doi.org/10.1126/science.275.5297.213
https://doi.org/10.1038/nature05736
https://doi.org/10.1038/srep10730
https://doi.org/10.1096/fj.202002728R
https://doi.org/10.1371/journal.pone.0008794
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Bertozzi et al. 10.3389/fphys.2025.1675598

regulation of local actin polymerization in the dentate gyrus in vivo. J. Neurosci. 27, 
10445–10455. doi:10.1523/JNEUROSCI.2883-07.2007

Nair, R. R., Patil, S., Tiron, A., Kanhema, T., Panja, D., Schiro, L., et al. 
(2017). Dynamic Arc SUMOylation and selective interaction with F-Actin-Binding 
protein drebrin A in LTP consolidation in vivo. Front. Synaptic Neurosci. 9, 8. 
doi:10.3389/fnsyn.2017.00008

Newpher, T. M., Harris, S., Pringle, J., Hamilton, C., and Soderling, S. (2018). 
Regulation of spine structural plasticity by Arc/Arg3.1. Semin. Cell Dev. Biol. 77, 25–32. 
doi:10.1016/j.semcdb.2017.09.022

Nishiyama, J., and Yasuda, R. (2015). Biochemical computation for spine structural 
plasticity. Neuron 87, 63–75. doi:10.1016/j.neuron.2015.05.043

Orsini, F., Pascente, R., Martucci, A., Palacino, S., Fraser, P., Arancio, O., et al. (2024). 
SUMO2 rescues neuronal and glial cells from the toxicity of P301L Tau mutant. Front. 
Cell Neurosci. 18, 1437995. doi:10.3389/fncel.2024.1437995

Ozato, K., Shin, D. M., Chang, T. H., and Morse, H. C. (2008). TRIM family 
proteins and their emerging roles in innate immunity. Nat. Rev. Immunol. 8, 849–860. 
doi:10.1038/nri2413

Palczewska, M., Casafont, I., Ghimire, K., Rojas, A. M., Valencia, A., Lafarga, M., 
et al. (2011). Sumoylation regulates nuclear localization of repressor DREAM. Biochim. 
Biophys. Acta 1813, 1050–1058. doi:10.1016/j.bbamcr.2010.11.001

Pichler, A., Gast, A., Seeler, J. S., Dejean, A., and Melchior, F. (2002). The nucleoporin 
RanBP2 has SUMO1 E3 ligase activity. Cell 108, 109–120. doi:10.1016/s0092-
8674(01)00633-x

Plant, L. D., Dementieva, I. S., Kollewe, A., Olikara, S., Marks, J. D., and Goldstein, 
S. A. (2010). One SUMO is sufficient to silence the dimeric potassium channel K2P1. 
Proc. Natl. Acad. Sci. U. S. A. 107, 10743–10748. doi:10.1073/pnas.1004712107

Plant, L. D., Zuniga, L., Araki, D., Marks, J. D., and Goldstein, S. A. 
(2012). SUMOylation silences heterodimeric TASK potassium channels 
containing K2P1 subunits in cerebellar granule neurons. Sci. Signal 5, ra84. 
doi:10.1126/scisignal.2003431

Plant, L. D., Marks, J. D., and Goldstein, S. A. (2016). SUMOylation of Na(V)1.2 
channels mediates the early response to acute hypoxia in central neurons. Elife 5, 
e20054. doi:10.7554/eLife.20054

Pronot, M., Kieffer, F., Gay, A. S., Debayle, D., Forquet, R., Poupon, G., et al. (2021). 
Proteomic identification of an endogenous synaptic SUMOylome in the developing rat 
brain. Front. Mol. Neurosci. 14, 780535. doi:10.3389/fnmol.2021.780535

Ptak, C., Saik, N. O., and Wozniak, R. W. (2025). Ulp1 association with nuclear pore 
complexes is required for the maintenance of global SUMOylation. Mol. Biol. Cell 36, 
ar81. doi:10.1091/mbc.E24-12-0563

Qi, Y., Wang, J., Bomben, V. C., Li, D. P., Chen, S. R., Sun, H., et al. (2014). Hyper-
SUMOylation of the Kv7 potassium channel diminishes the M-current leading to 
seizures and sudden death. Neuron 83, 1159–1171. doi:10.1016/j.neuron.2014.07.042

Rajan, S., Plant, L. D., Rabin, M. L., Butler, M. H., and Goldstein, S. A. (2005). 
Sumoylation silences the plasma membrane leak K+ channel K2P1. Cell 121, 37–47. 
doi:10.1016/j.cell.2005.01.019

Reddy, P. H., Mani, G., Park, B. S., Jacques, J., Murdoch, G., Whetsell, W., JR., et al. 
(2005). Differential loss of synaptic proteins in Alzheimer’s disease: implications for 
synaptic dysfunction. J. Alzheimers Dis. 7, 103–180. doi:10.3233/jad-2005-7203

Reverter, D., and Lima, C. D. (2005). Insights into E3 ligase activity 
revealed by a SUMO-RanGAP1-Ubc9-Nup358 complex. Nature 435, 687–692. 
doi:10.1038/nature03588

Rizalar, F. S., Roosen, D. A., and Haucke, V. (2021). A presynaptic perspective 
on transport and assembly mechanisms for synapse formation. Neuron 109, 27–41. 
doi:10.1016/j.neuron.2020.09.038

Rodriguez, M. S., Dargemont, C., and Hay, R. T. (2001). SUMO-1 conjugation in vivo
requires both a consensus modification motif and nuclear targeting. J. Biol. Chem. 276, 
12654–12659. doi:10.1074/jbc.M009476200

Rytinki, M. M., Kaikkonen, S., Pehkonen, P., Jaaskelainen, T., and Palvimo, J. J. (2009). 
PIAS proteins: pleiotropic interactors associated with SUMO. Cell Mol. Life Sci. 66, 
3029–3041. doi:10.1007/s00018-009-0061-z

Sachdev, S., Bruhn, L., Sieber, H., Pichler, A., Melchior, F., and Grosschedl, R. 
(2001). PIASy, a nuclear matrix-associated SUMO E3 ligase, represses LEF1 activity by 
sequestration into nuclear bodies. Genes Dev. 15, 3088–3103. doi:10.1101/gad.944801

Sager, R. A., Backe, S. J., Dunn, D. M., Heritz, J. A., Ahanin, E., Dushukyan, N., 
et al. (2024). SUMOylation of protein phosphatase 5 regulates phosphatase activity and 
substrate release. EMBO Rep. 25, 4636–4654. doi:10.1038/s44319-024-00250-2

Sapetschnig, A., Rischitor, G., Braun, H., Doll, A., Schergaut, M., Melchior, F., et al. 
(2002). Transcription factor Sp3 is silenced through SUMO modification by PIAS1. 
EMBO J. 21, 5206–5215. doi:10.1093/emboj/cdf510

Selkoe, D. J. (2002). Alzheimer’s disease is a synaptic failure. Science 298, 789–791. 
doi:10.1126/science.1074069

Spence, E. F., and Soderling, S. H. (2015). Actin out: regulation of the synaptic 
cytoskeleton. J. Biol. Chem. 290, 28613–28622. doi:10.1074/jbc.R115.655118

Stephan, J. S., Fioriti, L., Lamba, N., Colnaghi, L., Karl, K., Derkatch, I. L., et al. (2015). 
The CPEB3 protein is a functional prion that interacts with the actin cytoskeleton. Cell 
Rep. 11, 1772–1785. doi:10.1016/j.celrep.2015.04.060

Tang, L. T., Craig, T. J., and Henley, J. M. (2015). SUMOylation of synapsin Ia 
maintains synaptic vesicle availability and is reduced in an autism mutation. Nat. 
Commun. 6, 7728. doi:10.1038/ncomms8728

Tatham, M. H., Jaffray, E., Vaughan, O. A., Desterro, J. M., Botting, C. H., Naismith, 
J. H., et al. (2001). Polymeric chains of SUMO-2 and SUMO-3 are conjugated 
to protein substrates by SAE1/SAE2 and Ubc9. J. Biol. Chem. 276, 35368–35374. 
doi:10.1074/jbc.M104214200

Van Niekerk, E. A., Willis, D. E., Chang, J. H., Reumann, K., Heise, T., and Twiss, J. L. 
(2007). Sumoylation in axons triggers retrograde transport of the RNA-binding protein 
La. Proc. Natl. Acad. Sci. U. S. A. 104, 12913–12918. doi:10.1073/pnas.0611562104

Verde, E. M., Antoniani, F., Mediani, L., Secco, V., Crotti, S., Ferrara, M. C., et al. 
(2025). SUMO2/3 conjugation of TDP-43 protects against aggregation. Sci. Adv. 11, 
eadq2475. doi:10.1126/sciadv.adq2475

Vertegaal, A. C. O. (2022). Signalling mechanisms and cellular functions of SUMO. 
Nat. Rev. Mol. Cell Biol. 23, 715–731. doi:10.1038/s41580-022-00500-y

Vertegaal, A. C., Andersen, J. S., Ogg, S. C., Hay, R. T., Mann, M., and 
Lamond, A. I. (2006). Distinct and overlapping sets of SUMO-1 and SUMO-2 target 
proteins revealed by quantitative proteomics. Mol. Cell Proteomics 5, 2298–2310. 
doi:10.1074/mcp.M600212-MCP200

Wada, H., Maruyama, T., and Niikura, T. (2024). SUMO1 modification of 0N4R-tau 
is regulated by PIASx, SENP1, SENP2, and TRIM11. Biochem. Biophys. Rep. 39, 101800. 
doi:10.1016/j.bbrep.2024.101800

Wang, Z., Liu, Y., Zhang, J., Ullah, S., Kang, N., Zhao, Y., et al. (2020). 
Benzothiophene-2-carboxamide derivatives as SENPs inhibitors with selectivity within 
SENPs family. Eur. J. Med. Chem. 204, 112553.

Watanabe, M., Takahashi, K., Tomizawa, K., Mizusawa, H., and Takahashi, H. (2008). 
Developmental regulation of Ubc9 in the rat nervous system. Acta Biochim. Pol. 55, 
681–686. doi:10.18388/abp.2008_3027

Wei, X., Wang, B., Yang, Y., Fang, Z., Yi, C., Zhang, L., et al. (2025). Crosstalk between 
SUMOylation and ubiquitination controls the stability of transcription factor zinc finger 
protein 24: a novel antitumor mechanism in bladder cancer. Oncogene 44, 2762–2777. 
doi:10.1038/s41388-025-03450-9

Wolfe, M. S., and Haass, C. (2001). The Role of presenilins in gamma-secretase 
activity. J. Biol. Chem. 276, 5413–5416. doi:10.1074/jbc.R000026200

Wu, Y., Lin, B., Xie, Z., Huang, J., Qiu, Y., Chen, X., et al. (2025). SUMOylation 
of RAD51 upregulates GOLPH3 expression and promotes cisplatin resistance in 
colon cancer cells by Sp1 transcriptional activity. Biochem. Pharmacol. 236, 116888. 
doi:10.1016/j.bcp.2025.116888

Yang, W., Sheng, H., and Wang, H. (2016). Targeting the SUMO pathway for 
neuroprotection in brain ischaemia. Stroke. Vasc. Neurol. 1, 101–107.

Yang, Y., Tse, A. K., Li, P., Ma, Q., Xiang, S., Nicosia, S. V., et al. (2011). Inhibition 
of androgen receptor activity by histone deacetylase 4 through receptor SUMOylation. 
Oncogene 30, 2207–2218. doi:10.1038/onc.2010.600

Yang, Q., Tang, J., Xu, C., Zhao, H., Zhou, Y., Wang, Y., et al. (2020). Histone 
deacetylase 4 inhibits NF-κB activation by facilitating IκBα sumoylation. J. Mol. Cell 
Biol. 12, 933–945. doi:10.1093/jmcb/mjaa043

Yucel, B. P., Al Momany, E. M., Evans, A. J., Seager, R., Wilkinson, K. A., and 
Henley, J. M. (2023). Coordinated interplay between palmitoylation, phosphorylation 
and SUMOylation regulates kainate receptor surface expression. Front. Mol. Neurosci.
16, 1270849. doi:10.3389/fnmol.2023.1270849

Zhang, Y. Q., and Sarge, K. D. (2008). Sumoylation of amyloid precursor protein 
negatively regulates Abeta aggregate levels. Biochem. Biophys. Res. Commun. 374, 
673–678. doi:10.1016/j.bbrc.2008.07.109

Zhang, Z. Y., Harischandra, D. S., Wang, R., Ghaisas, S., Zhao, J. Y., Mcmonagle, T. P., 
et al. (2023). TRIM11 protects against tauopathies and is down-regulated in Alzheimer’s 
disease. Science 381, eadd6696. doi:10.1126/science.add6696

Zhang, W., Li, Z., Wang, X., and Sun, T. (2024). Phase separation is regulated by post-
translational modifications and participates in the developments of human diseases. 
Heliyon 10, e34035. doi:10.1016/j.heliyon.2024.e34035

Zhao, X., Sternsdorf, T., Bolger, T. A., Evans, R. M., and Yao, T. P. (2005). Regulation of 
MEF2 by histone deacetylase 4- and SIRT1 deacetylase-mediated lysine modifications. 
Mol. Cell Biol. 25, 8456–8464. doi:10.1128/MCB.25.19.8456-8464.2005

Frontiers in Physiology 11 frontiersin.org

https://doi.org/10.3389/fphys.2025.1675598
https://doi.org/10.1523/JNEUROSCI.2883-07.2007
https://doi.org/10.3389/fnsyn.2017.00008
https://doi.org/10.1016/j.semcdb.2017.09.022
https://doi.org/10.1016/j.neuron.2015.05.043
https://doi.org/10.3389/fncel.2024.1437995
https://doi.org/10.1038/nri2413
https://doi.org/10.1016/j.bbamcr.2010.11.001
https://doi.org/10.1016/s0092-8674(01)00633-x
https://doi.org/10.1016/s0092-8674(01)00633-x
https://doi.org/10.1073/pnas.1004712107
https://doi.org/10.1126/scisignal.2003431
https://doi.org/10.7554/eLife.20054
https://doi.org/10.3389/fnmol.2021.780535
https://doi.org/10.1091/mbc.E24-12-0563
https://doi.org/10.1016/j.neuron.2014.07.042
https://doi.org/10.1016/j.cell.2005.01.019
https://doi.org/10.3233/jad-2005-7203
https://doi.org/10.1038/nature03588
https://doi.org/10.1016/j.neuron.2020.09.038
https://doi.org/10.1074/jbc.M009476200
https://doi.org/10.1007/s00018-009-0061-z
https://doi.org/10.1101/gad.944801
https://doi.org/10.1038/s44319-024-00250-2
https://doi.org/10.1093/emboj/cdf510
https://doi.org/10.1126/science.1074069
https://doi.org/10.1074/jbc.R115.655118
https://doi.org/10.1016/j.celrep.2015.04.060
https://doi.org/10.1038/ncomms8728
https://doi.org/10.1074/jbc.M104214200
https://doi.org/10.1073/pnas.0611562104
https://doi.org/10.1126/sciadv.adq2475
https://doi.org/10.1038/s41580-022-00500-y
https://doi.org/10.1074/mcp.M600212-MCP200
https://doi.org/10.1016/j.bbrep.2024.101800
https://doi.org/10.18388/abp.2008_3027
https://doi.org/10.1038/s41388-025-03450-9
https://doi.org/10.1074/jbc.R000026200
https://doi.org/10.1016/j.bcp.2025.116888
https://doi.org/10.1038/onc.2010.600
https://doi.org/10.1093/jmcb/mjaa043
https://doi.org/10.3389/fnmol.2023.1270849
https://doi.org/10.1016/j.bbrc.2008.07.109
https://doi.org/10.1126/science.add6696
https://doi.org/10.1016/j.heliyon.2024.e34035
https://doi.org/10.1128/MCB.25.19.8456-8464.2005
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	Introduction
	SUMOylation enzymatic pathway
	Pharmacological modulation of SUMOylation
	Effects of SUMOylation on protein function

	SUMOylation dependent regulation of synapse function
	Functional aspects
	Structural aspects
	Deregulation of SUMOylation in Alzheimer’s disease

	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

